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We are developing a sensitive neutron spectrometer for the National Ignition Facility laser at
Livermore. The spectrometer will consist of a 1020 channel single-neutron-interaction time-of-flight
detector array fielded 23 m from the neutron-producing target. It will use an existing detector array
together with upgraded electronics for improved time resolution. Measurements of neutron yield,
ion and electron temperatures, and density-radius product are all possible under certain conditions
using one-, two-, or three-step reaction processes. The locations of the most important potential
sources of scattered neutron backgrounds are determined as the first step in designing collimation to
reduce these backgrounds. 01 American Institute of Physic§DOI: 10.1063/1.1323242

I. INTRODUCTION the Tion diagnostic are available elsewhéfeBecause the
neutron emission time is shors(l n9, the spectrum can be

The National Ignition FacilityNIF), under construction . ) . o L
at Lawrence Livermore National Laboratory, is designed toobtalned from the arrival time distribution of individual neu-

deliver 1.8 MJ of laser energy to mm-scale targets. This enyonI Tteractlogs |r: th.?. mL:cInchanneI detector ;rray' Tr|1e ar
ergy is 60 times more than in the previous generation of V@l fimes and velocilies Tor gamma rays and several neu-

large lasers and is predicted to be sufficient for conductinéron energies are shown in Table I.

inertial confinement fusioICF) experiments producing fu- i tThe nL_meek; (ﬂ‘fiut;\(/)z |rF1Qt2eralchrlsX/|}\n eiCh p\l(a.St,'[ﬁ sein-
sion break-even and moderate gain. The neutron yield from fllatoris given byN= (A/4mR%)(1—e"™") whereYis the

target producing 1.8 MJ of fusion energy would be 6 4neutron yield A is the detector are& is the distance from

x 107, which is eight orders of magnitude more neutronst'® kNIF targe(tj\tc? thﬁ scintillato23 m),fx IS thi (fjetecltor_
than have been produced by hydrodynamically equivalenihIC ness, ana. Is the neutron mean free path for elastic
cattering. The mean free path increases with neutron energy

targets in experiments on the Nova or Omega lasers. The

neutron yields predicted for the NIF imply a much larger role@S thg neutron cross section for elastic scattering from pro-
for fusion product diagnostics since it will be possible totons in the scintillator decreases; the valueshofor d—d,

measure the target conditions using a variety of higher—ordeﬁj_t' an(_j 30 Mev ”e_“tTO”S are 7.7 .cm, 27'.5 cm, and 58 cm,
processes in addition to the main fuel yield. During the Com_respectlvely. The scintillators are mounted in an interchange-
missioning phase of the NIF when full laser energy is not
available, subignition ICF experiments may be performed

using surrogate targets which generate low neutron yields Roy 24-30 MeVRIF

: . . " front-side 500
such as laser-plasma interaction experimésgsnmetry tun- scattering
ing experiment$,and noncryogenic capsule experiments in- exclusion zone

cluding deuterated-shélland double-shell capsulésEur- SNS
thermore, non-ICF experiments are planned for the NIF that,gaq
will require sensitive neutron diagnostics. In this paper we

discuss the applications and design of a sensitive neutroracks

spectromete(SNS for the NIF. P
. IS
Il. HARDWARE DESCRIPTION OF THE SENSITIVE o f
NEUTRON SPECTROMETER (SNS) § SNS cave LOS
The SNS will be an upgraded version of the Tidtee- I | 316/116

ion”) neutron spectrometer previously used on the Nova
laser® The spectrometer will consist of a 1020 channel array
of scintillator—photomultiplier detectors. An alcove adjacent NIF Neutron spectrometer (SNS) layout

to the NIF target hall and laser switchyard #1 has been con-

structed to place the SNS approximately 23 m from chambefIG. 1. Location of the SNS within the NIF target area. The shaded region

Centerﬁ Figure 1 shows the location of the alcove in relation indicates the location where gamma rays from inelastic scattering of primary
) neutrons can arrive at the detector at the same time as tertiary neutrons, for

to the targ_et chamber a_nd "ne'Of'Sight hole in the_ target Dayhe fiight path between the target and the array. Comparable scattering areas
wall. Details of the design, construction, and calibration ofexist on the far side of the target as well, but are not shown in this figure.
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TABLE I. Arrival times for a 23 m flight path on NIF. The SNS can operate as a single-interaction detector array
Energy  Velocity  Arrival time f(:Tr]sd—d_ n_eutron yields up to &10° using thg emstmg 0.15
Species MeV)  (cm/ng (n9 cm- scintillators or could be extended to higher yields with
smaller scintillators. Other core neutron diagnostics on NIF
Gammarays Any 29.98 " are likely to make such an extension unnecesSafjhe
Tertiary neutronghigh) 304 7.45 309 . ield ford d 30 . il b
Tertiary neutronglow) 20 6.90 378 maximum yield for —g an Meg/ tertiary _neutrons will be
Secondary neutroréhigh) 171 5.64 408 approximately x 10'° and 2x 10'°, respectively. The yield
d-t neutrons 14.05 5.14 448 calibration will be determined through a combination of in-
Secondary neutrongow) 11.8 471 489 trinsic calibration(distance, solid angle, and neutron attenu-
d—d neutrons 2.45 2.16 1064

ation), accelerator calibration using the associated particle
technique, and cross calibration to other NIF yield diagnos-
tics such as neutron activation. These neutron yields can be
able disk; thus the neutron sensitivity can be adjusted for &sed for determining the fusion reactivity in laser-plasma
particular experiment by installing a disk with the desiredinteraction experiments with gas-filled hohlraums containing
scintillator volume. Disks with scintillator volumes of 0.16, deuterated neopentaffeXe—D,,* or He—H gas fills with
0.79, or 3.53 criwere used on Nova. The dynamic range trace quantities of deuterium. Another application is measur-
available in a particular experiment can be extended by coring the yield from a deuterated layen the ablator of an ICF
structing a disk with multiple scintillator volumésat the  capsule filled with nonreacting hydrogen gas for comparison
cost of reducing the dynamic range in a single experiment\_Nith simulations of the thermal conduction losses from the
Lower detector sensitivity might be obtained on the NIF bycompressed core into the ablator. The depth of the deuterated
constructing a disk with smaller scintillators. However, thelayer can be varied in separate capsules to map out the tem-
light output from each scintillator will drop when the scintil- perature profile in the ablator.

lator thickness is less than the maximum recoil proton range

from the neutron elastic scattering interacticrd mm for  B. lon temperature from primary neutrons

14 MeV recoil protons A deuterated plastic scintillator

might be used to reduce the recoil range to more accuratelé,{ompared with the ion thermal speEdthe neutron energy

match the thinner scintillator used in this case. Ultimately’spectrum may be used to diagnose the temperature of the
the neutron response of the phototubes will set the upp&r

- ) : - uelX®When the target yield is less than 1x20°, the spec-
limit on detectable neutron yield with good timing accuracy. . 5 from conventional current-mode TOF detectors suffer

gizgzn?iiigtgé;g?rxﬁ l':SSC(:EQr?C(;eS nts(;) o? ticnzzs\:\?anltk gsg:'of?om statistical fluctuations in the rate of neutron interactions
235 dB dvnamic rana® The timin .si nals from the CEDS in the detector and the quantity of scintillation light created
y ge. 99 in each interactiod? For these targets, single-neutron-

are connected to Lecroy 18775 time-to-digital converter .. - ion detector array$>%are used to increase sensitiv-

(TDC) Fastbus modules with 0.5 ns time sampling and 20 Nt by measuring the arrival times of individual neutrons and

conversion time. The Fastbus modules and other electronic .
. o constructing a spectrum from many detector channels. Re-
will be controlled by a PC-based data acquisition system, 9 P y

) . . ) sults from current-mode detectors and single-interaction ar-
IQSt:(I)r:e'cr;?lss(i)'tll:;{rlr?g ;;gl: tShNeSsgivrllltliIEl ?Q(:etgr?;nficri db)(/j therays on the Nova laser indicate that their useful ranges of
) ¢ S neutron yield overlap by less than a factor of Zhe SNS
neutrons and 2 cm thickngssthe photomultiplier tube

o can determin€T; for d—d neutron yields in the range from

(()P%T')\Até?/nrs&g'?eri?g;ag]lenfnfg 1(;|Ehgt?he;ecc:§£%ns g%g' a 2%10 to 3x10° and for d—t neutron yields in the range

' "p 'me walk | £0.2 from 6x 10" to 1x 10'°. The ion temperature is determined
ns over the maximum dynamic rangand the sampling time

; . from the spread in neutron energy by the relation from
of the TDCs(0.5 ng. These factors, combined in quadrature, 3 _ SV .
suggests that a resolution of 1.3 ns can be achieved. Th%ryskl AE(keV)=Cqy\Ti(keV) whereAE, is the energy

. . . spread(FWHM) and C4,= 176 (for d—d reactions the coef-
time resolution corresponds to an energy resolutiondfent ficient is Cq=82.5). The energy spectrum is related to the
neutrons of 6 keV(0.24%. For d—t neutrons the neutron dd U gy sp

. . arrival time spectrum by the relativistic time-of-flight rela-
transit time 0.2 ns for a 2 cnthicknes$ and PMT spread . _ 2 o n? : .
(0.2 ng will be smaller, resulting in estimated time and en-tlon E=(m/2)(RI)*/V1~=(R/ct)” where t is the arrival

ergy resolution of 0.6 ns and 39 kg\0.28%). Better energy time. Th? energy sp_ectrum must be correctec_i for the instru-
. . . . ) - mental time resolution applicable to the primary neutron
resolution will be obtained with thinner scintillators. The ac-

. X . : eak involved. This correction is equivalent to subtracting
tual time resolution can be inferred from the observed widt he “temperature” corresponding to the instrumental ener
of the hard x-ray pulse produced by NIF targets. P b 9 9y

resolution through the Brysk relation.

In ICF targets where the bulk fluid speed is negligible

lll. APPLICATIONS OF THE SNS C. Measurements using secondary neutrons

A. Neutron yield In small or weakly compressed ICF capsules filled with

The SNS will provide the most sensitive measurement ofleuterium gas, the average density-radius prodpg) (of
neutron yield on the NIF. Yields ad—d neutrons as low as the fuel region can be determined by measurements of the
4x 10 can be measured witht 30% statistical uncertainty. secondaryd—t) neutrons.’ The d—d fusion reaction has two
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TABLE Il. Combinations of distance from the target and angle from the SNS flight path at which a pdrtary
neutron could create a gamma ray through inelastic scattering that has the same arrival time at the SNS as a
tertiary neutron.

30.4 MeV tertiary 28 MeV tertiary 26 MeV tertiary 24 MeV tertiary

Angle (degrees distance(m) distance(m) distance(m) distance(m)
0 14.4 15.2 15.9 16.7
10 14.3 15.0 15.7 16.5
20 14.0 14.7 15.4 16.1
30 13.6 14.3 14.9 15.7
45 13.0 13.7 14.3 15.0

branches, d(d,n)®He and d(d,p)t, with nearly equal dence onpR, but varies asTﬁ’2 for low T, and reaches
branching ratios. The tritons in the second branch, which are=50% burnup at 10 keV. The burnup also scales linearly
born with 1.01 MeV of energy, can undergo reactions inwith ny/n.. It may provide a useful lower bound fdr,
flight with the deuterium fuel and produce seconddnt  (assuming no mixor a measurement ofy/n, if T, is de-
neutrons by this two-step process. The ratio of the secondamgrmined by another diagnostic. Depending on the burnup,
to primary neutron yield thus provides a measurement of théhe SNS should be able to measure the secondary neutron
triton burnup. spectrum for primaryd—-d neutron yields as high as 2

X 102,
1. Low pR

For capsules with low values @fR (<0.01g/cni) the
triton loses little energy as it escapes from the fuel regionD. pR measurements using tertiary neutrons
The secondaryl(t,n)*He reactions occur at the cross sec-
tion corresponding to the triton birth energy and the triton
burnup is proportional t@R. The SNS will be able to mea-
sure the secondary neutron spectrum from Jgwv-capsules
(pR=0.001 g/crd) for primary d—d neutron yields as high (1) A primary d—t reaction produces a 14 MeV neutron.

The pR of ICF capsules approaching ignition conditions
can be determined by measuring the high-energy “tertiary”
neutrons produced in a three-step procéskhe steps are

as 4x 10" as in exploding pusher capsules. (2) The neutron has an elastic scattering reaction with a fuel
deuteron(or triton), boosting its energy as high as 12.5
2. Moderate pR MeV (10.5 MeV for a triton.

For larger values opR (0.01 g/cni<pR<0.10-0.50 (3) The scattered deuterdor triton) fuses with a fuel triton

g/cn?, depending ofT,), the tritons escape but have signifi- (orr?eﬁterogxop'\rﬂod\tljcing a tertiary neutron with energy
cant energy loss within the fuel region. The triton burnup as high as ev.

. . 4
increases as Its energy approaches the peak oi(ihe) He Both the neutron produced in step 1 and the highest-energy

cross section at= 170 keV. In this case the burnup is not deuterons produced in step 2 have ranges which are longer
uniquely dependent opR but also depends o (through ihan the size of the “hot spot” in the fuel region in NIF
0

its effect on the time that the triton spends near the peak apsules and lose little energy in this region. As a result, the

the Cross sectiandnd/ne (as a result of fuel d”,“EO” due probabilities of steps 2 and 3 each scale witR and the
t:() 1rg_|>i).. -I:[?]e trlto'n bug1 up c;n varytrl:rom 7110 ftrtlo tl't ratio of tertiary to primary neutrons scales gsRj?. The

N this regime. Lepending on the value ot th€ iton o, 440t of proportionality depends on the energy range of
burnup, the SNS will be able to record the secondary neutrO{he tertiary neutrons detected, and is approximately 1

spectrum for primaryd—d neutron yields as high as 4 X1075 (pR | .
3 ) pR in g/cn?) for tertiary neutrons between 24 and
x 10%% It has been showfithat the secondary neutron spec 30 MeV. Significant energy loss may occur for elastically

trum is qniquely related to the energy spectrum of the tritons’scattered deuterorger tritons with much less than the maxi-
responsible for the secondary reactions. piecan be de- um recoil energy, especially for theR values expected for

termined from the reacting triton spectrum through a mOdeBnition and high-yield capsules. Interpretation of the com-

IQ,[ the triton eEe;gytlﬁhSS.' \{V&er{/tgfhs low, the ;eact:jng lete tertiary neutron spectrum will require detailed capsule
ritons are peaked at their €V birth energy and produce %mulations and will involve assumptions about the correct

rectangular secondary neutron spectrum extending from 11. arged particle energy loss model o use in the simulations.

to 1;%1 Mev.ﬂ\]Nhen t_hepR |Sff:|hgh, the reactt_lng trlt(;)ns 3re The SNS should be able to measure the leading edge of the
peaked near ineé maximum ofthe cross section and pro uqetgrtiary neutron arrivals(for which uncertainties in the
secondary neutron spectrum with a full width at half maxi-

mum (FWHM) of =2 MeV. slowing-down model are minimizedrom near-ignition cap-

sules pR=0.2 g/cnt) with primary neutron yields up to 5
) X 10%. This yield is within an order of magnitude of capsule
3. High pR breakeven and thus the SNS should be usefupRrmea-

For large values ofpR(>0.50g/cn?) all the tritons surements in most preignition targets. Only the highest en-
thermalize within the fuel. The triton burnup has no depen-ergy part of the tertiary neutron spectrum will be recorded
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since the detector array will see a rapidly increasing neutrotthe primaryd—t neutron spectrum and complicates the deter-
flux after each channel has detected its first neutron arrivalmination of ion temperatur@ We plan to use the MCNP
code to evaluate modifications to the detector hardware that
IV. NEUTRON SCATTERING AND BACKGROUNDS could reduce the close-in scattering. By locating the SNS on
gn elevated platform, we can keep nearby sources of scat-

The tertiary neutrons are expected to be a weak signal i g
tered neutron backgrounds to a minimum.

early NIF experiments so minimizing the competing back-
ground signals will be important. The shaded region in Fig. 1ACKNOWLEDGMENT
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